Abstract: Public health implications of Cryptosporidium and Giardia (C&G) in surface water depend on the characteristics of their occurrence at locations relevant to public water supplies. Recent detailed multi-location and long-term data sets have provided an accurate and complete understanding of occurrence features not previously available. Poisson statistics describe oocyst and cyst concentrations that are characteristically low with respect to the limit of detection of best available analytical methods. The IMS-IFA based analytical methods (e.g., ISO 15553, USEPA 1622/1623) provide reliable data on levels of both C&G in water. Recovery efficiency varies widely and must be measured to give concentration data that can be compared between disparate locations and sampling times. Analysis of samples at a minimum monthly frequency using sufficient sample volumes, e.g., 50 L, has shown that C&G are virtually universal in surface water, continuously, and at levels consistent with catchment conditions. Some basic rules of monitoring and data analysis derived from this background information will ensure that monitoring effort and cost are applied in the most efficient and effective manner.
Introduction
Cryptosporidium and Giardia are waterborne pathogens universally acknowledged to cause widespread water related human illness. Waterborne community outbreaks (limited epidemics) attributed to both organisms have occurred in developed regions having high economic and sanitation standards, e.g., Europe, North America, Australia, having well-developed public health regulation and high standards of public water supply and wastewater management [1] . Both organisms have been shown to be present in virtually all surface water world-wide, accordingly their monitoring is of significant importance to public health risk management. Significant effort has been devoted to understanding of the occurrence, sources, distribution, and fate of these organisms in the environment [2, 3] . Published data and interpretation on Cryptosporidium and Giardia in water has evolved from very crude and incomplete early in the modern period 's) to the current (2000-present) state of relatively sophisticated technology capable of generating information sufficient to provide reasonably complete understanding of essential characteristics [4] . As the quality and quantity of characterizing information has improved, so has the understanding and interpretation of just what characteristics are essential to permit effective and efficient monitoring to support watershed and water treatment system management [5] . The purpose of this presentation is to review the essential features of Cryptosporidium and Giardia in water, to summarize information available to characterize their presence relevant to public water supply and public health management, and to distill fundamental principles essential to effective and efficient monitoring that will provide for and support effective watershed and water treatment system management.
Background
A recent review of the development of monitoring for Cryptosporidium and Giardia [4] identified characteristics of the two organisms that dictate requirements for monitoring including sampling design and analytical procedure. In the 1960's and 1970's, waterborne outbreaks of giardiasis prompted earliest efforts to find and characterize Giardia in water [6] . In this period the sources and distribution of Giardia were not thoroughly described and certainly poorly understood in relation to their introduction to, distribution in, and fate in surface water. Early monitoring procedures were crude and inefficient. The sketchy data produced by early efforts to characterize their presence in water suggested, inaccurately, intermittent and limited distribution geographically with sources due to a limited range of animals e.g., the North American beaver. When Cryptosporidium was recognized as a human pathogen of significance in the mid 1980's during the early phase of the AIDS epidemic, physical and biological similarities to Giardia dictated the early phase of monitoring for it (Cryptosporidium) as well.
Prominent early studies were conducted as geographical surveys, with the collection of single samples at widely spaced locations [7, 8] . Until 2000 the most widely used monitoring procedure included filtration of large volumes, typically 100 L, through an inefficient yarn-wound cartridge filter, recovery of organisms by washing the filter medium, and gradient centrifugation, followed by immunofluorescence microscopy (IFA) detection. Due the inefficiency of particle collection and (oo)cyst recovery, apparent concentrations reported were typically low with no organisms found in a significant proportion of samples. After 2000 most analysis for both organisms used analysis based on immuno-magnetic separation (IMS) with IFA detection. Much improved recovery using such analysis (e.g., USEPA Method 1622-23, ISO15553) resulted in widespread adoption of 10 L sample volumes. Analysis of large-scale data sets collected using these conditions [9, 10] has propagated the early misleading impression of widespread but intermittent presence of Cryptosporidium and Giardia in surface water.
A more quantitative approach to monitoring using a more efficient filter, applying rigorous positive and negative controls, produced data on Giardia [11] and Cryptosporidium [12] describing continuous presence of both organisms. The rigorous measurement of recovery efficiency and its application to calculating true concentrations provided clear ability to directly compare measurements between different sampling locations and different time periods. The importance of measuring recovery efficiency and its use to express measurements as concentration and not simply as numbers of organisms has been clearly established [13] . Analysis using the analysis suggestions of the earlier quantitative approach [11, 12] of the large scale data sets produced under USEPA requirements, the Information Collection Rule (ICR) [14] and the Long Term 2 Enhanced Surface Water Treatment Rule [15] reinforced the interpretation that both organisms are universally distributed in surface water and are continuously present at concentrations near the limit of detection of available analytical technology [2, 3] .
Fundamentals of Monitoring & Data Analysis for Cryptosporidium & Giardia in Surface Water
The following sections are devoted to description of basic features of monitoring and data analysis distilled from work on this subject since the 1970's. The focus is the typical public water system (PWS) obtaining its water from a surface source. Operation is continuous, 24 h per day, 365 days per year. Water quality at the point of abstraction is highly specific to the watershed and tied directly to the geographic region, its climate, the physiographic characteristics of the watershed and its natural and human activities. The more remote and undeveloped the watershed, typically the higher the water quality and intuitively the lower would be the concentrations of organisms such as Cryptosporidium and Giardia. Particulate constituents in the source are influenced by watershed characteristics with a significant dependence on precipitation and runoff, varying with discharge (flowrate) with seasonal patterns typical of the region. As particulate contaminants, oocysts and cysts would intuitively show evidence of similar effects. A PWS operating a water treatment facility depends on knowledge of the specific water quality characteristics of its source including the range and variation of key parameters, e.g., turbidity, over typical annual cycles. Accordingly, ability to manage the treatment system, and indeed if possible the watershed, for Cryptosporidium and Giardia, requires knowledge both of their level, specifically the concentration, and their typical variations.
Observed Features of Cryptosporidium and Giardia in Water
In the limited reports covering annual cycles, e.g., 12 months or multiples, data on levels of Cryptosporidium and/or Giardia typically consist of one or more, rarely more than 4-6, positive values and the remaining zeros, Figure 1a ,b. A record comprised of more frequent measurements, as for example biweekly or weekly, over multiple annual cycles, Figure 1b , may reveal typical periods of higher and lower levels that less frequent sampling, Figure 1c , fails to show. If the same type of data are expressed in terms of a cumulative frequency plot, Figure 2a ,b, it becomes clear that a data set,dodominated by zeros, is simply truncated by the limit of detection that depends only on the recovery efficiency of the analytical procedure and the sample volume. This phenomenon has been shown to result from sample volumes and ambient concentrations that are in the same range as the limit of detection dictating that organisms are distributed according to the skewed Poisson model [16] The Poisson distribution effect on sampling and resulting data is easily illustrated, Figure 3 , but poorly understood. In any well-mixed surface water, e.g., reservoir, a large volume, e.g., 10 6 m 3 (ca. 2.5 MG), at a low oocyst or cyst concentration, e.g., 10/m 3 or 0.01/L, the total in the 10 6 m 3 will be 10 7 organisms, and they will be normally (Gaussian) distributed through the reservoir taken as a whole. However, any 10 m 3 subvolume will contain 100 organisms and if 50 L samples are collected at random from the 10 m 3 volume half of the 50 L samples will not contain ANY organisms, because in 10 m 3 are 200 × 50 L subvolumes but only 100 organisms. The Poisson distribution accurately describes this phenomenon and dictates that for true concentrations in the typical ambient range of 0.01 to 0.1/L, if sample volumes of only 10 L are analyzed and if the analytical recovery is 50%, the probability of not finding any organisms is >80% [16] . As illustrated by the typical data sets, Figure 1a ,b, when expressed as cumulative frequency plots, Figure 2a ,b, the proportion of zeros … analytical results below the limit of detection … truncates the distribution. In data resulting from analysis of 10 L samples, few locations will have ambient concentrations high enough to result in more than 30-50% non-zero results, Figure 4a . Although only a proportion of data are non-zero, all data including the zeros are used in forming a cumulative frequency plot Figure 4b . A well-established characteristic of many kinds of environmental measurements are approximately log-normally distributed [17] . This type of presentation of many sets of Cryptosporidium and Giardia data has shown such data to be typically log-normally distributed e.g., Figures 2a,b and 4a . Such data presented in this manner have two outstanding features: (1) the 50 percentile or median provides a measure of "typical" level of the organism at that sampling location for the period of time encompassed by the data; and (2) the slope of the distribution provides a measure of the degree of variability in the measured parameter (oocyst/L or cysts/L) at that location in that time period. Examination of comparable data from many locations, e.g., Figure 4a , gives an idea of the spectrum of both typical levels (medians) and degrees of variability (slopes) over a wide range of surface water locations across the USA [2] . Basic features of a cumulative frequency plot (CFP), Figure 4b , are analogous to the likely more familiar box and whisker plots often used in statistical presentation of this kind of data. An advantage of the CFP presentation is the visual comparison that it provides for data from different time periods e.g., Figure 2a ,b, or from different locations, Figure 4a . The use of the entire data set, including zeros, emphasizes the importance of sample volume and recovery efficiency. The dashed line, Figure 4b , showing extrapolation of the data set below the limit of detection implies the continuous distribution of Cryptosporidium and of Giardia emphasizing that although an oocyst or cyst may not have been found in the sample analyzed, had larger samples been analyzed more of the distribution would have been revealed. The consistency of Cryptosporidium and Giardia appearance in water at any sampling location is of interest in relation to needs for monitoring and in relation to planning and implementation of watershed and treatment system management and operation. Little data showing organism patterns over multiple annual cycles is available. Recently available but previously unpublished data, Figures  1a,b and 2a-c , indicate the nature of observed patterns at locations on major water sysetems in the NE USA and in England. While the median levels and standard deviations vary from year to year they do so within a limited range characteristic of the specific sampling location and as influenced by annual differences in climate-related water quality conditions.
Monitoring Objectives and Deduced Principles
Monitoring for Cryptosporidium and Giardia concentrations in surface water is motivated by established public health risk assumed to be proportional to concentration. Whether monitoring is required by a regulatory agency or to satisfy the needs of an individual PWS for information essential to manage risk, objectives can be articulated and guiding principles may be described based on understanding derived from previous observations as described above.
Monitoring Objectives
Regulatory agency objectives are fundamentally the same as those of public water systems in relation to management of risk. The role of the agency is oversight and advisory, to understand the spectrum or risk faced by PWS in its area of responsibility, and to provide guidance in relation to management and operation consistent with objective information (data) needed to characterise risk at specific locations.
Public water suppliers require data on Cryptosporidium and Giardia useful to enable formulation of rational management of their watershed if such is possible, and to understand details of water quality and its variation for management and operation of their water treatment facilities.
Monitoring Principles
The underlying requirement of water quality monitoring is to produce information that is fit for purpose: data produced must be accurate and reproducible, supported by standardized procedure.
Monitoring of Cryptosporidium and Giardia should conform to widely accepted protocol e.g., USEPA 1622/23, ISO15553. Interpretation of data produced by other procedures must take the effect of any differences in procedure into account.
Cryptosporidium and Giardia data sets consisting of only zeros tell very little and are dangerously misleading if interpreted as organism absence. But, zeros accompanied by at least 3-4 non-zero measurements are essential to establish key properties of the concentration distribution at the sampling location, median level and standard deviation quantifying the degree of variability;
Raw numbers without consistent measurement of recovery cannot be compared because of the significant variation in recovery efficiency at any specific location due to variations in water quality over the typical annual cycle, and due to the independent variation of recovery efficiency and organism levels that are characteristic of individual sample locations.
Ability to manage watersheds or treatment systems requires knowing all Cryptosporidium and all Giardia, not just selected types or the apparently viable fraction. Information on those features of the organisms present at any sampling location or time period may be useful for other purposes. However, the specific types of Cryptosporidium and Giardia that may be pathogenic to humans are not clearly established nor is their presence or viable proportion predictable. Accordingly, to manage sources in a catchment requires monitoring of all organisms regardless of type or condition as the critical parameter. Management of the water treatment facility likewise requires knowledge of the total concentration likely in the raw water. The key features of monitoring important to treatment system management are the typical level present in the source water and the degree of variation. More variable concentrations indicated by higher standard deviation imply greater risk a higher proportion of the year. Knowledge of the typical pattern of variation in concentrations over the annual cycle, as shown in Figure 1a ,b, is equally important to treatment system management.
Finally, due to the relatively high cost of monitoring for Cryptosoporidium and Giardia must be efficient. Sample volumes must be sufficient to produce at least 3-4 non-zero results from 12 monthly samples. Additions to a basic monthly monitoring plan can be made to satisfy specific data objectives.
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